Animal models are designed to be preliminary tools for better understanding of the pathogenesis, improvement in diagnosis, prevention, and therapy of arteriosclerosis in humans. Attracted by the well-defined genetic systems, a number of investigators have begun to use the mouse as an experimental system for arteriosclerosis research. Hundreds of inbred lines have been established, and the genetic map is relatively well defined, and both congenic strains and recombinant strains are available to facilitate genetic experimentation. Because arteriosclerosis is a complicated disease, which includes spontaneous (native) atherosclerosis, transplant arteriosclerosis, vein graft atherosclerosis, and angioplasty-induced restenosis, several mouse models for studying all types of arteriosclerosis have recently been established. Using these mouse models, much knowledge concerning the pathogenesis of the disease and therapeutic intervention has been gained, eg, origins of endothelial and smooth muscle cells in lesions of transplant and vein graft atherosclerosis. This review will not attempt to cover all aspects of mouse models, rather focus on models of arterial injuries, vein grafts, and transplant arteriosclerosis, by which the major progress in understanding the mechanisms of the disease has been made. This article will also point out (dis)advantages of a variety of models, and how the models can be appropriately chosen for different purposes of study. Arteriosclerosis is characterized by smooth muscle cell hyperplasia or hypertrophy and matrix protein accumulation in the intima and/or media with or without lipid deposition, resulting in thickening and stiffness of the arterial wall.
Arteriosclerosis is characterized by smooth muscle cell hyperplasia or hypertrophy and matrix protein accumulation in the intima and/or media with or without lipid deposition, resulting in thickening and stiffness of the arterial wall. 1 Arteriosclerosis includes (spontaneous) atherosclerosis, accelerated arteriosclerosis (namely, transplant arteriosclerosis), restenosis after percutaneous transluminal coronary angioplasty, and vein graft atherosclerosis. 2 Atherosclerosis research with animal models, as known today, is nearly 100 years old. 3 Knowledge of the pathogenesis and therapy of atherosclerotic disease and the use of animal models in arteriosclerosis research have evolved almost simultaneously. The use of animal models in the study of arteriosclerosis is essential to answer many questions. For instance, evaluation of a risk factor as a single independent variable, with almost complete exclusion of other factors, can best be performed in animals free of intercurrent diseases or abnormalities and with well known genetic characteristics. 4 On the other hand, the role of vascular injury because of angioplasty, alloimmune responses, or vein grafts can be investigated alone or in combination with other factors that either aggravate or have beneficial effects. Furthermore, experiments using animals are the only way to develop and test new diagnostic, preventive, and therapeutic procedures for both ethical and practical reasons. The investigator can choose the species, time, and method, as well as obtain tissue, and serum samples as well as other material needed for measurements under optimal conditions, selective circumstances that are difficult, if not impossible, in studies with human patients.
Attracted by the availability of well-defined genetic systems of transgenic and knockout mice, a number of investigators have begun to use the mouse as an experimental system for arteriosclerosis research. 4 Hundreds of inbred lines have been established, and the genetic map is relatively well defined, and both congenic strains and recombinant strains are available to facilitate genetic experimentation. The animal model of hyperlipidemia and atherosclerosis in apoE-and low-density lipoprotein receptor-deficient mice has been widely used. 4 -6 Such mouse models have considerable advantages over other animal systems in that they overcome the need to admin-ister a cholesterol diet. Since several reviews summarizing the effects of a variety of genes on native atherosclerosis have been published, 5, 7 the present subtitle will not cover the animal models of spontaneous atherosclerosis, ie, hyperlipidemia-induced atherosclerosis, rather focus on other types of mouse models for arteriosclerosis, including arterial injuries, vein graft, and vessel transplantation.
Arterial Injuries
Angioplasty is very often used to treat patients with severe coronary artery disease. The coronary blood flow in the majority of patients is recovered after the treatment. The problem is restenosis of the vessel because of the formation of neointimal lesions. 8 The hallmarks of neointima lesions are smooth muscle cell proliferation and extracellular matrix deposition. 9 The pathogenesis of this disease remains poorly understood. Most knowledge concerning the mechanisms of restenosis formation was derived from studies of animal models. In the late 1970s, Clowes and colleagues 10 established the rat arterial injury model, by which a great number of articles describing the process of restenosis were published. In 1993, Lindner and colleagues 11 developed the first mouse model of arterial injury using a flexible wire. Subsequently, ligation and electronic injury models were also established. 12, 13 These models are being widely used by many laboratories and have generated a large number of publications during the last 5 years. 14 -19 Because it is difficult to include all of the data derived from the use of these models, a brief summary on several of the models follows (Table 1) .
Wire-Injury Model
Technically, this model is similar to that of rat carotid arterial injury. Briefly, the bifurcation of the carotid artery was exposed and two ligations were placed around the external carotid artery, which was then tied off with the distal ligature. An incision hole was made between the two ligatures, where a flexible wire was introduced into the common carotid artery. After passing the vessel three times, Lindner and colleagues 11 observed that complete removal of the endothelium was achieved with a flexible wire. A platelet monolayer covered the denuded surface, and damage to underlying medial smooth muscle cells was detected. Injection of [ 3 H]thymidine displayed replication of medial smooth muscle cells, which was found to be 1.6% at 2 days after denudation and 9.8% at 5 days. Smooth muscle cells were observed in the intima by day 8, and by 2 weeks the intimal lesion had a similar cell content as the media. In most animals, repair of the endothelial lining was complete 3 weeks after injury. Using an outbred strain, they found that within 2 weeks after injury, intimal lesions would form in areas that were still denuded. These intimal lesions, however, were not very extensive and usually did not exceed two or three cell layers in thickness.
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Carotid Artery Ligation
An alteration in blood flow has been shown to increase intimal lesion formation in vascular grafts and ballooninjured vessels, 20 thus indicating that alterations in biomechanical stress will affect the proliferative response of smooth muscle cells. 21, 22 Furthermore, a number of studies have demonstrated that vessels adapt to chronic changes in blood flow by undergoing compensatory adjustments in their lumen size. 23, 24 Based on this knowledge, Kumer and Lindner 12 developed a murine model of carotid artery ligation, in which blood flow in the common carotid artery was disrupted by ligating the vessel near the distal bifurcation. The surgery procedure for this model is relatively simple, ie, ligating the common carotid artery near the bifurcation. Neointimal lesions in the common carotid artery can be seen 2 to 4 weeks after ligation. This model differs from others in that they do not require mechanical trauma and widespread endothelial denudation to induce smooth muscle cell proliferation. It should be noted that the model might not mimic a physiological or pathological situation. However, vascular lesions in humans often develop at sites of altered hemodynamics associated with low shear stress. 25 Therefore, it is conceivable that the factors responsible for intimal lesion formation at these sites might differ from those involved in intimal hyperplasia after arterial injury associated with endothelial denudation. Nevertheless, this model is often used to test the functions of genes in the neointimal formation in knockout mice because of its simplicity.
Other Types of Arterial Injury
Carmeliet and colleagues 13 described a mouse model of carotid artery injury induced by perivascular electric stimulation, in which femoral arteries in mice were injured perivascularly via a single delivery of an electric current. They found that electric injury destroyed all medial 27 adapted this model to mice, in which the left femoral artery was isolated and loosely sheathed with a 2.0-mm polyethylene tube made of PE-50 tubing (inner diameter, 0.56 mm; outer diameter, 0.965 mm) and tied in place with an 8-0 suture. The tube is larger than the vessel, and does not obstruct blood flow. It results in predictable formation of neointima in mice throughout a 14-day period. In this tube model, the endothelial cells are not directly manipulated or removed, allowing study of the effect of individual endothelial factors, including endothelium-derived nitric oxide (NO). In this model, the primary endpoint is neointimal formation, and is complementary to other models. This model has been proven to be reproducible, easily quantitated, and lends itself well to analysis of individual gene products that can be manipulated by transgenic approaches and targeted gene disruption, albeit the mechanism of intimal formation is unknown.
Vein Graft Atherosclerosis
Vascular grafts are widely used in aortocoronary bypass graft surgery. 28 The small caliber autogenous saphenous vein is usually used as a graft, but occlusion of the graft vein often occurs after bypass operations. A small fraction (perhaps 5 to 10%) of saphenous vein grafts used as aortocoronary bypass vessels occlude within 1 month, ϳ10 to 20% occlude within 1 year, and by 10 to 12 years postoperatively, only ϳ50 to 60% remain patent. Three pathological processes are primarily responsible for graft occlusion: thrombosis (early closure), intimal hyperplasia (a few months to a few years), and atherosclerosis (usually after 1 year). 29 Understanding the pathogenesis of vein graft atherosclerosis is often extrapolated from studies on (spontaneous) atherosclerosis in arteries, but the features of the lesions and the pathogenic processes of graft-induced atherosclerosis differ from spontaneous atherosclerosis. Therefore, appropriate mouse models for vein grafts would be needed for studying this disease.
Technical Feasibility of the Mouse Model
Before the first mouse model of vein graft arteriosclerosis was successfully established, we tested several methods to anastomose the ends of the vein segment and arteries, including using a suture, a nylon membrane, a plastic tube, and a cuff. Finally, we found that only a cuff technique is feasible to obtain a reproducible result 30 ( Figure  1 ). Because the vein graft procedure was previously described in detail, 30 here I just briefly describe the method and include a 3-minute movie (supplement), which would be helpful for the investigators who wish to use this model. When you watch the movie, you see that the right common carotid artery was mobilized free from the bifurcation at the distal end toward the proximal, cut in the middle, and a cuff placed at the end. The cuff was made of an autoclavable nylon tube 0.63 mm in diameter outside and 0.5 mm inside. The artery was turned inside out over the cuff and ligated. The vessel segment of either vena cava or jugular vein from donor was grafted between the two ends of the carotid artery by sleeving the ends of the vein over the artery cuff and ligating them together with the 8-0 suture. As displayed in the movie, pulsation can be seen after removing the clamps. The complete grafting procedure required 30 to 40 minutes. This simplified mouse model of vein grafts has several advantages: first, the operation procedure is simple and easy to learn. The vast majority of investigators could perform the surgery after a short period of training. Sec- . The right common carotid artery was ligated with 8-0 silk suture, dissected between the middle ties, and passed through cuffs, respectively. The vessel, together with the cuff handle, was fixed with microhemostat clamps, the suture at the end of the artery was removed and a segment of the artery turned inside out to cover the cuff body. The vena cava vein segment was harvested and grafted between the two ends of the carotid artery by sleeving the ends of the vein over the artery cuff and suturing them together with an 8-0 suture ligation.
ond, the traumatic and ischemic injuries to the grafts are minimal. Half an hour is needed to perform the whole operation by our trained surgeon, and the ischemia time of artery segments is between 5 to 10 minutes. Third, the successful rate of surgery is higher because the operation is performed in the neck region and takes a shorter time. Finally, two types of donor organs, jugular vein and vena cava, have been grafted into carotid arteries in the present experiments. Although accelerated arteriosclerosis develops in both vein grafts, the following differences exist. Vena cava is relatively easy to be sleeved over the cuff, which can be used for grafting the vessel donated by another mouse in a same strain or littermate. Because it is an isograft, the role of the specific gene tested in the disease development could be distinguished between the vessel wall and the host, eg, apoEϪ/Ϫ vena cava grafted to an apoEϩ/ϩ recipient. Therefore, both donor organs can be used for vein grafts and the technique is feasible for the investigators.
The Pathogenesis of Vein Graft Atherosclerosis
With the help of the mouse model, it is possible to understand the cellular and molecular mechanisms of vein graft atherosclerosis. It was demonstrated that one of the earliest cellular events in neointima formation in arteriosclerosis is cell death, in which biomechanical stress is a critical initiator. 31 After cell death, massive mononuclear cell infiltration into the vessel wall occurs. The mechanism by which monocytes/macrophages are continuously recruited to the neointima of the vessel wall may involve two factors: Biomechanical stress directly stimulating endothelial cell and smooth muscle cell expression of adhesion molecules and chemokines; secondly dead cells may be an additional force for the induction of inflammatory responses in the vessel wall. 21 Eventually, cell differentiation, proliferation, and accumulation in the intima progress. In this process, biomechanical stress activates platelet-derived growth factor receptor-MAPK pathways, leading to cell proliferation. 22 Additional factors stimulating cell growth could be cytokines and growth factors released from inflammatory cells. Finally, vein graft atheroma could be observed in vein grafts performed in apoEϪ/Ϫ 32 or apoE*3-Leiden 33 transgenic mice, which are morphologically similar to the lesion in humans (Figure 2) .
Based on the knowledge of the cellular processes obtained using the mouse model, we could then test the role of specific genes in the pathogenesis of atherosclerosis. For instance, mice lacking transcription factor p53, which is crucial in cell apoptosis, developed neointimal lesions in vein grafts with a twofold increase compared to wild-type controls. 34 Importantly, vascular cell apoptosis was significantly reduced in p53 Ϫ / Ϫ vein grafts, which coincided with oxidative DNA damage in vein grafts. In cultured smooth muscle cells from p53 Ϫ / Ϫ mice, apoptosis was increased in response to the death receptor ligand tumor necrosis factor-␣, but decreased in response to the NO donor sodium nitroprusside, suggesting that different signaling pathways are involved in tumor necrosis factor-␣-and NO-induced apoptosis, respectively. 35 Recent observations have shown that upstream activators of p53 were involving p38 MAPK-integrin pathways in mechanical stress-induced apoptosis. 36, 37 Mechanical stretch has a critical role in lesion formation and so Lardenoye et al 38 investigated the effect of using an external stent to reduce wall stress. The result was more than 80% reduction in vein graft atherosclerosis and less vascular cell apoptosis. Cell death in vein grafts is followed by an inflammatory response during which expression of endothelial molecules, eg, ICAM-1. When vein grafts were performed in ICAM-1 knockout mice, a 50% reduction of arteriosclerotic lesions was seen. Similarly, interruption of cell migration and proliferation by locally applied drugs, eg, suramin, 39 and gene transfer, eg, tissue inhibitor of MMP2, 40 resulted in either reduced lesions or alterations in the process of graft remodeling.
Cell Origins of Vein Graft Lesions
Another significant progression made by using the mouse model is to answer the question of where lesional cells are derived from. After cell death in the early stage of vein grafts, endothelial regeneration and smooth muscle accumulation in the intima occur. Traditionally, it was believed that denuded endothelium can be replaced by the remaining cells in the vicinity and smooth muscle cells migrate from the media. 41 However, data of vein grafts in mice do not support this hypothesis and rather suggest a role of stem cells in repairing the damaged vessels. Using transgenic mice expressing LacZ gene only in endothelial cells, we provided the first evidence that the regenerated endothelial cells of vein grafts originated from recipient circulating blood, and not the remaining endothelial cells of donor vessels. 42 We also demonstrate that approximately one third of endothelial cells of vein grafts are derived from bone marrow stem cells. These data establish that circulating progenitor endothelial cells adhere to the graft and subsequently cover the surface of neointimal and atherosclerotic lesions of vein grafts.
Similarly, we provide solid evidence that neointimal and atherosclerotic smooth muscle cells of vein grafts originate from recipients and donor vessels, as identified directly by smooth muscle SM22-driven ␤-gal expression. 43 We observed that ϳ22% of smooth muscle cells in atherosclerotic lesions were derived from recipients and 69% from grafted vessels. 43 These data establish the heterogeneous origins of smooth muscle cells in both neointimal and atherosclerotic lesions of vein grafts. Thus, these findings are crucial for understanding the pathogenesis of vein graft atherosclerosis, and for establishing a new strategy of therapeutic intervention for the disease.
Transplant Arteriosclerosis
Allograft-accelerated transplant arteriosclerosis is the main limitation of long-term survival of patients with solid organ transplantation. Characteristics of the lesions include endothelial damage, mononuclear cell infiltration, smooth muscle cell proliferation, and matrix protein deposition in the intima of the vessel wall. 44 -46 The lesions eventually culminate in vascular stenosis and ischemic graft failure. In comparison to other types of arteriosclerosis, the initiating cause of the disease is relatively clear, ie, alloimmune reactions to the vessel wall. However, the pathogenesis of transplant arteriosclerosis is not fully understood, and mouse models would be helpful for clarifying the molecular mechanisms of the disease. So far, three types of mouse models have been established, including side-to-end grafting to carotid artery, 47 end-toend to infrarenal aorta, 48 and end-to-end to carotid artery using a cuff technique. 49 Shi and colleagues 47 have established the first mouse model of transplant arteriosclerosis by suturing end-toside of vessel segments to carotid arteries, and Koulack and colleagues 48 developed an aortic transplantation to infrarenal aorta by end-to-end anastomosis. These mouse models have been proven to be useful tools in studying the pathogenesis of transplant arteriosclerosis. 50 -54 In 2000, we described a simplified mouse model of transplant arteriosclerosis, 49 which was performed by end-to-end anastomosis to carotid artery using a cuff technique (Figure 1 ) similar to the method described for vein bypass grafts. 30 In our experience, this model has some advantages, eg, a simple operation procedure, less traumatic and ischemic injuries to the grafts, and a high surgical success rate. Neointimal lesion development in transplanted vessel segments of both carotid and aortic arteries is comparable to that of transplanted arteries by other methods. For instance, Shi and colleagues 54 demonstrated that neointimal lesions were reduced 52% in allograft arteries donated by ICAM-1Ϫ/Ϫ mice, whereas our observations indicate a 60% reduction in neointimal lesions of ICAM-1Ϫ/Ϫ arteries. 49 
Usage of Knockout Mice
Accumulating data indicates that knockout mice are a powerful tool for studying the genes or molecules contributing to transplant arteriosclerosis. Many reports have shown the role of cytokines in the development of transplant arteriosclerosis, eg, IL-10, tumor necrosis factor-␣, and interferon (IFN)-␥. [55] [56] [57] Others have demonstrated the effects of genes related to cell proliferation, lipid metabolism, and NO production on disease progress. 58 In this review I will not cover all knockout mice studied in transplant arteriosclerosis, but give some examples to emphasize the role of the murine model. IFN-␥ regulates the proliferation and function of activated T lymphocytes, and plays a pivotal role in rejection by activating macrophages. 59 Two groups studied the effects of IFN-␥ on transplant arteriosclerosis using IFN-␥-deficient mice. 56, 57 They found that T lymphocytes and macrophages infiltrated coronary arteries of allografts in the wild-type recipients. In contrast, IFN-␥-deficient recipients did not develop thickening of the arterial intima, despite a T lymphocyte and macrophage infiltrate in the parenchyma. IFN-␥ powerfully stimulates the increased synthesis and cell surface expression of both class I and II major histocompatibility complex antigens in vivo, including bone marrow-derived immunocompetent cells, as well as cells of vessel wall. It can directly activate macrophages, and enhance expression of major histocompatibility complex products, other components of the antigen presentation pathway, and adhesion molecules. 60 This result was also confirmed by treatment with a neutralizing antibody against IFN-␥.
A second example is that the data obtained from the use of NO synthase (NOS) knockout mice. Inducible nitric oxide synthase (iNOS) is up-regulated in rejecting allografts and is protective against allograft arteriosclerosis; it suppresses neointimal smooth muscle cell accumulation and inhibits adhesion of platelets and leukocytes to the endothelium. 61 Lee and colleagues 62 examined the effects of selective eNOS deficiency in aortic allografts in a murine chronic rejection model using grafts from eNOS knockout mice (C57BL/6) and normal C3H as recipients. eNOS-deficient grafts showed significantly increased intima/media ratios at day 30 compared to controls. Immunostaining demonstrated that in eNOS KO grafts, eNOS was not detectable whereas iNOS was expressed prominently in infiltrating recipient mononuclear cells. They further demonstrated that early overexpression of iNOS by ex vivo gene transfer completely prevented the development of arteriosclerosis associated with eNOS deficiency. Therefore, eNOS plays a protective role in allografts, and in eNOS-deficient allografts, early overexpression of iNOS is capable of preventing the development of allograft arteriosclerosis. These data support the notion of the usefulness of knockout mice in investigating transplant arteriosclerosis.
Cell Origins in Transplant Arteriosclerosis
Another important contribution to our understanding the pathogenesis of transplant arteriosclerosis by using mouse models is clarification of cell origins in arteriosclerotic lesions of allografts. For a considerable time, it was believed that donor vessel cells contribute to the formation of arteriosclerotic lesions in allografts. 63 However, the results of mouse models from several laboratories have established that smooth muscle cells within the intimal lesions are completely derived from the recipients. 64 -67 Concerning the source of recipient-derived smooth muscle cells, Shimizu and colleagues 64 and Sata and colleagues 65 demonstrated that ϳ10 to 20% of ␣-actinϩ cells in the neointimal lesions of allografts were co-localized with ␤-galactosidaseϩ (gal) cells in a chimeric mouse expressing ␤-gal in bone marrow cells. They concluded that host bone-marrow cells are, at least in part, a source of smooth muscle-like cells in transplant neointimal lesions. In fact, a large number of leukocytes infiltrate the vessel wall of allografts in the development of the disease, and they are in close contact with smooth muscle cells in the lesion. This would make it difficult to distinguish whether the ␣-actin/␤-gal double-stained cell(s) in tissue sections are from one cell or two adjacent cells. For better identification of smooth muscle cell origins, we designed experiments with aortic allografts in three types of transgenic mice expressing ␤-gal, ie, 1) all tissues (ROSA26), 2) only smooth muscle cells (SMLacZ 68 ), and 3) apoE knockout mice carrying LacZ genes in smooth muscle cells (SM-LacZ/apoEϪ/Ϫ 69 ). We confirmed the recipient origin of smooth muscle cells in both neointimal and atherosclerotic lesions of allografts, but no ␤-gal-positive cells were found in the lesions of vessels grafted to mice with SM-LacZ bone marrow. 67 Therefore, bone marrow is unlikely to be a source of neointimal smooth muscle cells in transplant atherosclerosis.
Mouse models also simplify the identification of the origin of endothelial cells in transplant vessels. Very recently, we demonstrated that the regenerated endothelial cells of arterial allografts are originated from recipient circulating blood, rather than from remaining endothelial cells of donor vessels. 70 These data establish that circulating progenitor cells are sources of cells that contribute to neointimal lesions of allografts (Figure 3) . This means that all cells of lesions are derived from the recipients, rather than donor vessel wall per se. Interestingly, this result was confirmed to be true for transplant arteriosclerosis in humans, ie, recipient origins of smooth muscle cells, 71 indicating a possibility of direct data translation from the mouse model to the human disease.
Choosing the Model
Although the mouse model is widely used by many laboratories, some problems might occasionally appear because of insufficient knowledge of the specific animal models. Investigators, who are not experienced with the mouse model, would need to consider several issues before starting their experiments. Because the author's laboratory has experience with the generation of doubleknockout mice in apoEϪ/Ϫ background, developed the model of vein graft arteriosclerosis, adapted a transplant model, and tested other models as well, 30, 32, 33, 43, 49, 67, 72, 73 in this review, an attempt is made to provide some updated guidelines for the selection of animals that are most appropriate for the study of different aspects of arteriosclerosis.
Aim of the Research
Obviously, each study has different aims and requires different animal models. Some of them are clear and easy to determine. For instance, allograft transplantation would be needed to test the effects of genes or drugs on alloimmune responses in the development of transplant arteriosclerosis. If functions of genes related to endothelial cells are studied, endothelial injury models may be not suitable, which is also less suitable for studying inflammatory process, because of less inflammation in wireinjured models compared to vessel grafts. Thus, the researcher should carefully choose the model according to the nature of a variety of models described above. It is necessary to compromise and to select animals with characteristics that most satisfactorily fit the problem under study, ie, meet the aim of your study.
Genetic Background
It is well known that the genetic background of mice significantly influences the formation of atherosclerotic lesions in hyperlipidemic models. 7 Mice commonly used for studying hyperlipidemia-induced atherosclerosis are C57BL/6J strain, whereas C3H/HeJ, BALB/cJ and A/J are not sensitive to a cholesterol diet. Concerning the injury models, data indicate that neointimal lesions vary between different stains, but differ from diet-induced atherosclerosis, suggesting that injury-induced neointimal hyperplasia and diet-induced atherosclerosis are controlled by distinct sets of genes; the former appeared to be determined by recessive genes at Ն2 loci. 74 We compared neointimal lesions in vein isografts between C57BL/6J and BALB/c strains and did not find a significant difference in either inflammatory responses or the thickness of lesions, suggesting there is less effect of genetics on vein graft models (unpublished data). For transplant arteriosclerosis, different major histocompatibility complex class II antigens between donors and recipients are needed, eg, between C57BL/6J and BALB/c mice. Thus, careful selection of the model with different genetic background for your experiments is essential for the successful performance of the study.
Surgical Scale
Because of the small size, microsurgery is needed for all types of mouse models for studying arteriosclerosis. Before the model is selected, the investigator should consider the technical issues in establishing animal models. For instance, the quantification of atherosclerotic lesions in the root regions of the aorta and on aortic en face would be needed for hyperlipidemia-induced atherosclerosis. The technique for preparing sections and integrated aortas is relatively easier, but appropriate training is still required. Technically, the most difficult models would be vein bypass grafts and vessel transplant, although the cuff method makes the surgery much simplified. 30 However, it is possible for a trainee to get the first mouse living after surgery within 1 week. The supplemented movie for vein bypass grafts in mice could be helpful for researchers who are interested in the model (supplement). The level of surgical difficulties in establishing mouse models of vessel injury is much lower than that of vessel grafts. Especially, the model of carotid artery ligation could be managed by staff with minimal training in the laboratory. Therefore, it is fortunate that there are several models from which to choose to gain maximum applicability of the results to a greater understanding of arteriosclerosis.
Economic and Ethic Concerns
Choosing the most appropriate animal model for the study of a specific problem almost always presents a dilemma. In the consideration and fulfillment of primary requirements, which are the suitable and pertinent characteristics for the problems under investigation, one cannot ignore the availability and the expense of the required mice. Thus, quite often, compromises have to be made if an investigator is to fulfill the essential needs of a wellplanned study. However, if one is to venture in to giving advice regarding a choice of the most satisfactory animal models for selected studies, there are a few examples. These include generation of double-knockout mice and establishment of plaque rupture models. Both models are time consuming and expensive. For example, if you have a knockout mouse with 129/B6 genetic background and want to cross to apoEϪ/Ϫ mice (C57BL/6J), it will take at least 2 years to obtain double-knockout mice in C57BL/6J background. The cost for the personnel and animal hospitalization for 2 years will be a great amount. In addition, because of ethic concerns, both project and personal licenses are usually required for all animal experiments. It takes 6 to 8 months in some countries from the application to obtain both licenses. Therefore, the investigators have to take account of the time schedule before planning their animal experiments.
Limitation
Although the mouse offers an incredibly valuable tool for the study of arteriosclerosis in the laboratory, it is essential for the investigator to be aware of similarities and differences that exist between animal models and human disease, and between various strains. This knowledge will prevent the likelihood of drawing false conclusions, and will allow an accurate evaluation of results.
The Difference between the Mouse and Human
During the last decade, a large proportion of our knowledge concerning the molecular and cellular mechanisms of arteriosclerosis comes from the use of mouse models. However, we must bear in mind that results obtained in the experimental animals may not translate directly to humans. Several crucial issues should be addressed when the data from mice are interpreted to the equivalent situation in humans. First, mice do not develop spontaneous atherosclerosis without genetic manipulation. Atherogenesis in humans usually occurs at lower lipid levels and throughout a much more prolonged time scale than generally used in experiments on mice genetically altered to enhance their susceptibility to atherosclerosis. Second, mice weigh ϳ25 g, some 3000 times less than the average man. Anatomical and physiological conditions vary between the mouse and human. For instance, a section of coronary artery in the mouse contains ϳ3000 times fewer cells than an equivalent section of human coronary artery. This is reflected in the histology of mouse arteries, in which the endothelial layer lies directly on the internal elastic lamina and the media consists of only two or three layers of smooth muscle cells. Finally, some models of mice, eg, vessel ligation, electric injury, and collar placement in the artery, do not mimic a physiological or pathological situations in humans. Therefore, caution must be advised when extrapolating from mouse model data to supposed human equivalents.
Genetic Background
As mentioned above, genetic background significantly influences the results of atherosclerosis, especially in hyperlipidemia animal models. For example, the extent of atherosclerosis among apoE knockout mice on a standard atherosclerosis-prone C57BL/6 background was found to be seven times greater than apoE knockout mice with an atherosclerosis-resistant FVB genetic background. 5 The ideal solution to this problem is to use inbred isogenic strains in which the experimental and control mice differ only at the target locus. For other models, genetic background of mice is also important. Therefore, a detailed description of the genetic background of all mouse models used in transgenic experiments should be given, and that the genetic background should always be taken into account when assessing experimental results.
Lesion Quantification
One of major impacts of the mouse on our understanding of arteriosclerosis has involved its genetic manipulation (ie, transgenic and knockout models) and treatment to examine the difference in lesion size in aortic roots or grafted/injured vessels. Most investigators are using the methods described by Paigen and colleagues 75 in 1987 to quantify the lesion areas on sections of aortic sinus in mouse models of hyperlipidemia-induced atherosclerosis. Two factors can markedly influence the results of lesion quantification. One is the angle of the heart that is fixed to the head of cryocut machine, which can lead to a variable size of lesions. Another is that the lesion size at the different levels of sections derived from aortic sinus (ϳ300 m) of different animals cannot be compared between two groups. This means that false results could be obtained if a different angle or levels of sections are compared between two groups. Similarly, injured vessels and vessel grafts from different groups can only be compared if the sections are derived from similar angle and location when sections are prepared from the vessel.
Perspectives
Studies aimed at testing and documenting either mechanistic or therapeutic interactions in mouse models have significantly improved our understanding of atherogenesis. For instance, smooth muscle cells in lesions of transplant arteriosclerosis in mice were derived from donor stem cells, which was verified to be similar to the cell origin of lesions in humans. 71 Therefore, because of results from animal studies, combined therapy, using dietary intervention and one or more drugs, eg, statin, is used in a variety of preventive and therapeutic approaches in humans. With the use of existing and newly developed mouse models to study atherosclerosis, one can anticipate that, in addition to already acquired knowledge concerning interrelationships between inflammation, lipid metabolism, the role of the artery wall, and genetic influences, there will be more opportunities to increase our comprehension of the lesion at the cellular and molecular levels. This knowledge should help us to acquire the scientific means to control the untoward disease process of arteriosclerosis in humans.
